Repair of sublethal damage produced by ionizing radiation is an important factor influencing cellular survival. This is particularly so when low dose rates, as encountered in environmental exposures, are involved. Since repair processes may have characteristic times ranging from nanoseconds to hours, conventional radiation sources are not capable of giving the range of dose rates needed for a systematic investigation. A 2 MV electrostatic accelerator has been modified to generate an electron beam to satisfy this requirement. This accelerator and associated electronic controls have been used to demonstrate that the repair process responsible for the altered survival observed after split-dose irradiations is the same as that responsible for the shoulder of the survival curve for Chlamydomonas reinhardi. Furthermore, it has made possible the identification and measurement of the rates of two repair processes which function concurrently in these cells.
INTRODUCTION
An interesting and important property of most living cells is their ability to repair the damage produced by ionizing radiation. Various reports have led to the conclusion that at least two types of damage are repaired, potentially lethal and sublethal damage. In some experiments, radiation sensitivity is observed to change if cells are treated differently after irradiation. This is considered evidence for potentially lethal damage repair, and the extent Split-dose measurements have generally been made using conventional 200 to 300 kV x-ray machines. With these machines, the maximum dose-rate is typically limited to a few hundred rads/min. Consequently, typical individual exposures for split-dose measurements were about one minute in duration for mammalian cells, and considerably longer for more radiation resistant cell types. Since repair that is accomplished during irradiation cannot be detected in split-dose experiments, only repair processes with mean times substantially greater than one minute could be detected. Furthermore, due to biological variability, differences between cell lines and difficulties associated with analysis of surviving ratio curves, the repair time for mammalian cells is not known precisely but is believed to be between 15 min and 1 h. X-ray machines can also be modified to operate at very low dose rates so they can be used to study slow repair processes by both split-dose and dose rate. Fig. 3 . Dose-rate is controlled by the current source for currents up to 2.5 x 10-4A. The lowest usable current is influence by stray currents originating in the accelerator tube; these currents depend on the individual tube and its history, but this limit is sometimes as high as 2 x 10-8A. The usable current range corresponds to dose rates, in the direct beam at 20 cm from the drift tube exit window, from about 60 to 6 x 105rad/s. We typically use 1 x 105rad/s in our experiments.
In order to do dose-rate experiments, the range must extend much lower so we also use an arrangement wherein the cells are irradiated by a fraction of the beam which has been scattered by the beam stop. This reduces the dose rate to a range of from 0.3 to 4 x 103rad/s. Doses The accumulation of damage model discussed earlier3 assumes that the shoulder on survival curves and splitdose repair are both manifestations of the same sublethal damage repair process. Furthermore, this model provides a means of determining the mean repair time,e, of the process from either split-dose or dose-rate experiments. In order to compare values of Xr for C. reinhardi measured by each of these two methods, dose rates ranging from 0.5 to 100 rads/s were required in a single irradiation configuration. Results of these dose-rate studies are presented in Fig. 4 in the conventional way with log survival plotted as a function of dose;-and, in Fig. 5 , in a way which greatly simplified analysis with negative log survival divided by the dose squared plotted as a function of exposure duration. The accumulation of damage model predicts that when plotted in this way, the results will fall on a single predictable line whose horizontal displacement is determined by the mean repair time and is independent of the dose rate.
The mean repair time, u, can then be determined from this horizontal displacement in the position of the curve. In this case, the mean repair time of. C. reinhardi irradiated and held at room temperature is about 24 min.
The model also indicates that T can be obtained from split-dose data. Analysis is simplified in this case by plotting the data as the logarithm of ln(Sm/S) as a function of time between doses, as described earlier (under "Experimental Approaches"). The data fall on a straight line and T may be determined from the slope. Figure 6 presents results of typical split-dose experiments at the same temperature as shown in Fig. 5 
Multiple Components of Repair
The accumulation of damage model includes the possibility that more than a single repair process may exist and function simultaneously within the cell. It predicts that if multiple processes act at sufficiently different rates and upon different types of damage, these different rates can be -separated by simple subtraction when plotted as the logarithm of ln(Sm/S) against the time between exposures. The primary experimental requirement here is that the irradiation time be short, relative to the mean repair time of the fastest process being investigated. Some of the data from earlier experiments suggested that a process with a mean time of a few minutes might exist. This possibility was investigated by increasing the dose rate to about 1.7 x 103 rad/s (100 krad/min) so that irradiation times were only about 3 seconds. Results of a typical experiment of this type are presented in Fig. 7 
